Abstract-A more versatile and robust technique is developed for determining area averaged surface vorticity based on vector winds from swaths of remotely sensed wind vectors. This technique is discussed in detail and compared to two previous studies that focused on early development of tropical systems. The error characteristics of the technique are examined in detail. Specifically, three independent sources of error are explored: random observational error, truncation error and representation error. Observational errors are due to random errors in the wind observations, and determined as a worst-case estimate as a function of averaging spatial scale. The observational uncertainty in vorticity averaged for a roughly circular shape with a 100 km diameter, expressed as one standard deviation, is approximately 0.5x10 -5 s -1 for the methodology described herein. Truncation error is associated with the assumption of linear changes between wind vectors. Uncertainty related to truncation has more organization in QuikSCAT data than observational uncertainty. On 25km and 50km scales, the truncation errors are very large. The third type of error, representation error, is due to the size of the area being averaged. This type of error is analogous to oversmoothing. Tropical and sub-tropical low pressure systems from three months of QuikSCAT observations are used to examine truncation and representation errors. Representation error results in a bias of approximately 1.5x10 -5 s -1 for area averaged vorticity calculated on a 100 km scale compared to vorticity calculated on a 25 km scale. The discussion of these errors will benefit future projects of this nature as well as future satellite missions.
INTRODUCTION
The main goals of this project are to improve upon the scatterometer-based calculation of area averaged vorticity (referred to from this point as "vorticity") and to characterize errors in this technique. The major sources of error in the calculation of scatterometer-based surface vorticity are investigated and discussed. The strengths and weaknesses of the new and old methods (that focused on tropical systems) are discussed in terms of the improvements made upon earlier methods, as well as considerations of how accuracy might change for prospective satellite missions.
The QuikSCAT SeaWinds data are described in section 2. Details regarding the methodology of the satellite-based vorticity calculation and comparisons to previous techniques are highlighted in section 3. Sources of error including ambiguity selection errors, random vector component errors, truncation errors and representation errors are discussed in section 4. Section 5 covers opportunities for improvement for future applications. Overall, the detection technique continues to prove successful while reducing error in the results.
II. SEAWINDS DATA
The QuikSCAT SeaWinds Scatterometer data set primarily used in this study is version-3a of the Ku2001 product developed by Remote Sensing Systems (RSS). The data set includes time, location, surface (10 m elevation) equivalent neutral wind speed [1] , wind direction and a rain flag. Scatterometer usually provide multiple solutions (termed ambiguities); only the best guess at the correct ambiguity is used for each wind vector cell. Four satellite microwave radiometers are used to determine if rain is present at the location of the QuikSCAT observation and when no radiometer data are available, the occurrence of adverse influences from rain is statistically estimated from the scatterometer backscatter [2, 3] . This usage of the rain flagging information is highly conservative. For tropical applications a conservative rain flag appears to be necessary; however, this approach seriously over-flags for midlatitude applications.
The version of 25km grid spaced QuikSCAT data from the Jet Propulsion Laboratory (JPL), based on the QSCAT1 model function is also used to help quantify error characteristics.
A limitation for studies of tropical development is the temporal sampling, which has slightly less than twice daily coverage over the Atlantic basin. In contrast, sampling is much better near the ice caps; however, cyclones tend to propagate very rapidly in these regions. Another key limitation for the calculation of surface vorticity is the spatial grid. QuikSCAT observations have a 25 km grid spacing within a swath that is 1800 km wide (76 vector wind cells across the swath). Therefore, the smallest spatial scale for which vorticity can be calculated is 625 km 2 , assuming that the spatial resolution is approximately a point. The actual scatterometer wind cell resolution depends on the processing technique used to convert the observed backscatter to wind vectors; however, it is smaller than the grid spacing [4] . One other limiting factor is degradation of the accuracy of the wind vectors when too large a fraction of the signal returned to the satellite is due to rain [5, 6, 7] . The vorticity signatures of tropical systems are often associated with rain; therefore, it is important to develop a technique that is either insensitive to seriously rain contaminated data or (in this case) attempts to avoid using such data.
III. VORTICITY CALCULATIONS
Working with QuikSCAT swath data poses several issues in attempting such a calculation. Swaths are not vertically aligned or in a perfectly gridded format and some data points may be missing (due to land contamination or being outside the observational swath) or rain contaminated. To account for this, the calculation technique is developed to work around such points, and outputs a missing value if there are insufficient good data points. Vorticity ( ) is calculated at the center of a "shape", as defined by available data in the swath, using the circulation (C) about the shape and divided by the area (A) of the shape. 
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where x and y refer to the longitudinal and latitudinal positions (with differences in meters), and u and v are the zonal and meridional components of the surface wind vector. The circulation is the sum of (3), spanning the circumference of the shape.
If the shape is based on only three wind observations, the area (a triangle) is calculated using where n is the total number of points enclosing the polygon, and the values of x and y are determined relative to the center of mass of the points used in the calculation.
The vorticity is then determined using the circulation from equation (3) and the area from equation (4) . If more than 20% of the vectors on the circumference of the shape are missing (or more than 25% when only 4 points are considered), the vorticity is also set to missing.
The shapes used in this study are approximations of circles. The finest spatial scale is a diameter of one grid spacing, which for QSCAT is 25km. This spatial scale is relatively noisy due to random errors associated with (1) observational noise and (2) truncation errors related to the linear interpolation between grid points. At the 25km scale, the 'circle' is approximated as a square and the results are equivalent to finite differencing in a swathrelative coordinate system. The in-swath vorticity is also calculated using a diameter of 25 to 100km diameter. The larger scale greatly reduces the noise at the expenses of reduced resolution and a bias associated with smaller scale features.
IV. OBSERVATINAL ERRORS
Observational errors are due to (a) random vector component errors and (b) ambiguity selection errors. These studies typically investigate the random error where there was no gross error in direction related to ambiguity selection.
. The propagation of Gaussian distributed random errors can be used to estimate the contribution of observational errors to uncertainty (expressed as a standard deviation) in area averaged vorticity. For a variable (y) that is a function (f) of one or more independent variables (x i ), this function can be described in very general terms as . Estimates of random component errors for rain-free, correctly selected ambiguities, may be as large as is 0.6 m s -1 for JPL's 25km grid spaced QuikSCAT data [8] for maximum differences in collocation of 30 minutes and 25 km. Estimates may plausibly be as low as 0.03 m s -1 [4] for RSS's data set and collocation differences less than 0.5 minutes and 5 km. Assuming the highest error in vector components provides an upper limit for uncertainty in the vorticity and therefore represents a worst-case scenario. Furthermore, the accuracy is not uniform across the swath; however, since the chosen value includes uncertainty in the comparison data and differences due to mismatches in location and time, it is treated as a constant upper limit. where n 1 represents the number of "non-diagonal" components of the area perimeter and n 2 represents the number of "diagonal" components of the area perimeter ( Figure 1 ). The length of the diagonal components is the square root of two times the distance ( x) between the across swath or along swath cells (which is close to constant). The observational uncertainty in vorticity is defined as follows.
The area increases more rapidly than the number of points on the perimeter of the area, therefore, the decreases as area increases (Figure 2 ).
The uncertainty can also be expressed in terms of diameter and the grid spacing, which might make the application more intuitive, particularly when considered for non-QuikSCAT applications. Consider that the number of points on the perimeter times the grid spacing is roughly equal to the length of the perimeter, which is proportional to the diameter. The area is proportional to the diameter squared. This analysis shows that as ringsize increases, vorticity uncertainty decreases (Figure 2 ) roughly inversely proportional to the diameter of the area used to calculate the vorticity. For diameters exceeding four grid cells, the decrease in uncertainty is small. Thus, choosing a ringsize larger than 4 would result in only slightly lower levels of uncertainty and would negatively affect the detection technique's ability to maintain the integrity of smaller scale systems.
V. TRUNCATION ERRORS
The term "ring" is used somewhat loosely, as wind vector spacing only allows a roughly circular shape (Figure 1 ) composed of a series of straight edges. An assumption is made that the wind speeds change linearly along the segments of the ring. The error in this assumption is related to higher order changes and the grid spacing. The actual changes of wind speed along the segment can be substantially non-linear; for example, centers of strong low pressure systems and poorly organized tropical disturbances. The shape of tropical disturbances varies greatly system by system as well as in time. If some points in the ring perimeter are considered bad points (e.g., land or seriously rain contaminated), then there will be an atypically long line segment joining the neighboring points. This situation can greatly increase truncation errors.
Assuming that the error statistics are random and approximately the same for each segment along the edges of the shape (be it a triangle, square or polygon), the total variance associated with random errors in the circulation around the shape (
) is approximately proportional to the number of segments times the square of the truncation error uncertainty squared ( ) of each segment. The number of segments is approximated as the number of points ( D / x) for a perimeter of a circle associated with a diameter D. 
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Error associated with the area calculation is again ignored. The assumption of totally random truncation errors is not entirely sound, as the wind field is made up of a larger scale (organized) flow and smaller scale (seemingly random) departures from this flow. For regularly gridded data, and large scale variability that greatly outweighs small scale variability, the projection of the truncation error onto a particular line segment (in the ring) will slowly change in space. Such a situation results in large scale errors that nearly cancel on the opposite side of the ring. In this case, it might be more appropriate to treat the differences in these nearly cancelling truncation errors as independent, effectively halving the number of points in the error calculation. However, if the grid pattern is sufficiently non-uniform, or if the small scale variability is greater than the large scale variability (which is not the case for cyclones), then the assumption of random errors is closer to being valid. The influence of the irregular spacing of QuikSCAT wind vectors will be shown to be important later in this section.
The uncertainty in vorticity ( ) associated with truncation errors is then to a good approximation equal to the related uncertainty in circulation divided by the area about which the circulation is calculated. Consequently, the uncertainty has the following functional form:
The uncertainty in wind related to truncation error ( T ) is roughly proportional to the square of the length of each segment, which is roughly proportional to ( x) 2 . Therefore, is proportional to ( x) 1.5 . 1.5 1.5
As one would anticipate, finer grid spacing will reduce truncation errors, as will increasing the diameter of calculation area. However, increasing the area results in a vorticity averaged over a larger area, which has shortcomings discussed in the next section.
If a truncation error is apparent in the QuikSCAT vorticity fields, it is because either the small scale wind variability dominates the large scale wind variability (which is not the case for the examples that will be shown) or the irregularity in the spatial sampling increases the impact of truncation errors.
VI. REPRESENTATION ERRORS
Spatial averaging errors come in to play when the wind vectors associated with an area averaged vorticity maximum are within the ring used in the vorticity calculations. The larger the ringsize, the more potential there is for a localized vorticity maximum to be missed. In the case of cyclonic systems, representation error tends to result in a negative bias (an underestimation of positive vorticity).
Tropical disturbances from 01 August 1999 through 31 October 1999 were examined to estimate the bias and random errors associated with representation errors. These are systems typical of our applications. The bias (Figure 3) shows the change in vorticity (centered at the same point) relative to the vorticity for a ringsize 1 (diameter of 25 km). The bias increases as ringsize increases, with a bias of approximately 1.5x10 -5 s -1 for a ringsize 4 (diameter of 100 km). The magnitude of the bias doesn't decrease much beyond a ringsize 4, thus choosing a ringsize higher than 4 does little to increase the bias from this area assumption for this application. ) than the bias; however, and any bias was presumably factored into the threshold. Different biases will be typical of other types of weather (e.g., fronts or high pressure systems) and therefore the shown biases should not be assumed to apply to all situations.
VII. SUMMARY AND DISCUSSION
The error characteristics of the area averaged vorticity calculation can be described in terms of three types of errors: random observational error, truncation error associated with linear interpolation between wind vectors and mismatches in the spatial averaging scale (representation errors). Larger areas decrease the random error and finer grid spacing along the perimeter increases the number of data points and hence, increases the random error.
Truncation errors are based upon the linear interpolation between grid points along the perimeter of the ring, projected onto the line segments making up the ring. For a regular grid and a smooth large scale flow, errors on one side of the ring will be approximately canceled by errors on the other side of the ring. QukSCAT's slightly irregular sampling pattern makes these errors quite apparent in swaths of vorticity. Representation errors result in a negative bias (underestimation) when sampling cyclonic systems. Figure 3 . Plot of mean differences, for each ring size minus ring size 1, illustrating the biases due to representation (spatial averaging) areas associated with tropical disturbances. As the ring size increases, the area over which the vorticity is averaged increases. This enlargement in area enhances the bias by smoothing the small scale cyclonic features.
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